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Abstract 
The impact of the Fukushima accident on the nuclear fuel cycle back-end is obvious.  
In the present paper the various back-end options and their impact on the environment will be presented in view of this new 
perspective. The partitioning and transmutation (P&T) concept  and the direct disposal of nuclear fuel including a very long 
intermediate storage will certainly be revisited with respect to safety considerations; here the instant release fraction (IRF) and 
the long-term stability of the fuel matrix under real repository conditions are highly relevant. 
Furthermore the impact of released radionuclides to the environment will have a higher attention. 
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1. Introduction 
As a consequence of the Fukushima accident in March 2011, the safety situation of nuclear activities in the 
European Union has been extensively reassessed. Apart form political decisions like the one in Germany to phase 
out of nuclear energy, a major decision was to initiate a campaign of stress tests for all 143 nuclear reactor units 
installed in the EU today. Those should include natural events such as earthquakes but also man-made intrusions, 
like cyber- or terrorist attacks and airplane impacts and should be carried out along criteria and procedures 
proposed by the  European Nuclear Safety Regulators' Group (ENSREG). Several countries where head- and tail-
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end activities including uranium enrichment, fuel fabrication, reprocessing and waste management activities take 
place, have decided to include those in the assessment process. 
In the safety considerations, the fuel cycle is to be considered as a major part. Already back in 1977 in the 
IAEA bulletin [1] the principal perceived technological risks associated to nuclear energy are: 
x improper storage of high-level radioactive nuclear wastes; 
x catastrophic accidents, principally to nuclear reactors; 
x the effect of a multiplicity of low-level releases of radioactivity during normal operation, from various parts of 
the nuclear cycle; 
x possible accidents in fuel reprocessing plants.  
Countries with no reprocessing capacities (Sweden, Finland, Germany…) have adopted a direct disposal 
policy. Serious efforts are needed to select appropriate sites and to provide reliable assessment data to get the 
necessary public acceptance for the implementation process. It is to be expected that after Fukushima these 
efforts will have to be further enhanced. 
The alternative to the direct disposal route is the waste radiotoxicity reduction by separation of long-lived 
waste constituents which are burned and converted into short-lived isotopes. This so-called partitioning and 
transmutation (P&T) route could be integrated in the advanced fuel cycle of a fast reactor system or carried out in 
dedicated so-called accelerator driven systems. Although the Fukushima accident has mainly affected the reactor 
safety, first of all in Japan of course but also in Europe, the public acceptance of nuclear energy in general is 
considerably affected by the event and the waste issue is being considered to be essential in this context. In 
Sweden and Finland the direct disposal solution is quite advanced, in Germany and in the US the repository sites 
selected in Gorleben and Yucca Mountain have been stopped and have at least to be reassessed in comparison to 
alternative sites. This means on the other hand that a final decision is postponed by several  decades. In the mean 
time these two countries continue to investigate the P&T route in their National Laboratories (KIT in Germany 
and INL in the US). Also universities have recently launched new initiatives in these countries to investigate 
P&T, e.g. the AGATE (Advanced Gas-cooled Accelerator-driven Transmutation Experiment) at the RWTH in Aachen [2] 
and in the US a University Consortium for Transmutation Research (UCTR) is investigating an accelerator-driven, 
subcritical, molten salt, actinide burning, fission power system. The most advanced large scale demonstration 
experiment is being implemented at the SCK MOL, the MYRRHA project [3] and this facility should be 
operational in the early '20s.  
In Japan the management of spent fuel got a lot of attention and the reduction of the radioactive wastes 
becomes increasingly important after the Fukushima accident. P&T technology using fast reactors or accelerator-
driven systems (ADS) is being re-evaluated in the frame of the national fuel cycle policy discussed by the Atomic 
Energy Commission of Japan. In the Japanese Proton Accelerator Research Complex (J-PARC) the 
Transmutation Experimental Facility (TEF) composed of two experimental facilities, Transmutation Physics 
Experimental Facility (TEF-P) and ADS Target Test Facility (TEF-T) should demonstrate the effiency of a P%T 
concept.  
In the present paper we discuss research activities in ITU to investigate waste management options in this 
context and to consider the potential release of radioactivity and its impact on the environment. 
2. Spent fuel direct disposal 
The direct disposal is the waste management option generally selected by countries which have no 
reprocessing capacities installed. In the frame of ITU's research program related to direct disposal we try do give 
support to these Member States. Our goal is to understand the mechanisms involved in a potential release of 
radionuclides from nuclear waste repositories. Those studies include the so-called instant release fraction (IRF) 
of fuel constituents which are quickly released, and the hydrogen effect on the matrix stability.  Both phenomena 
refer to the status in the repository where the container materials are corroded and the fuel is in direct contact 
204   P. Carbol et al. /  Procedia Chemistry  7 ( 2012 )  202 – 208 
with the environment. It could be shown in our experiments that the main elements constituting the IRF are those, 
which have migrated in the fuel to the periphery under irradiation and that the irradiation history of the fuel has a 
considerable influence on the IRF. Figure 1 shows the cumulative release data as fraction of inventory in the 
aqueous phase (FIAP) for two types of fuel, a UO2 and a MOX fuel both irradiated in a light water reactor. Each 
fuel rod was provided with a machined defect in the cladding giving access to synthetic groundwater at the fuel- 
cladding interface in order to simulate the above mentioned scenario. 
Fig. 1. Fraction of inventory in the aqueous phase (FIAP) as a function of time for major fuel elements: left UO2
 (30 GWd/TU 4 cycles at 80-200 W/cm) and right MOX (12 GWd/TU, 2 cycles at 350 W/cm) 
As can be seen in figure 1 the key elements are cesium and iodine with FIAP values which are more than 10x 
higher in the case of MOX; at the same time the uranium values are almost the same for both fuels. From the 
burn-up data (30 GWd/TU for UO2 and only 12 GWd/tU for MOX) one would expect that the fuel with the 
higher burn-up, i.e. with higher yields of fission products per g of fuel would lead to a higher instant release, in 
the present case the opposite is true. The reason is the much higher linear power in the reactor, in fact UO2 was in 
the reactor for 4 cycles at 80-200 W/cm, whereas MOX was irradiated only for 2 cycles but at 350 W/cm.  The 
higher linear power has induced a higher temperature in the fuel and hence an increased migration of volatile 
fission products in a steeper gradient between pellet center and periphery. As a consequence the amount of these 
elements is accumulated in the fuel-pellet gap and preferentially leached upon contact with water.  
The long-term stability of fuel is of course strongly affected by the redox conditions in the repository. In the 
most advanced Swedish/Finnish concept [4], the canisters will have a stainless steel insert which makes up more 
than half of the total weight (~25 t ). The corrosion of this steel leads for time periods of several ten thousand 
years to a hydrogen hydrostatic pressure of at least 5Mpa. In ITU experiments were conducted to study at 
laboratory scale the fuel corrosion behavior of fuel materials under these conditions [5]. The materials that have 
been tested include unirradiated UO2, UO2 doped with U-233 to simulate fuel after several thousand years of 
storage and also genuine irradiated UO2 and MOX fuels. The irradiated fuel samples have of course to be 
prepared in hot cells which are operated at ITU under air atmosphere, therefore it cannot be avoided that they are 
slightly oxidized at the surface. In figure 2 (left) the evolution of the concentrations of major constituents in the 
leachate of a fuel particle irradiated up to 67 GWd/tU and leached in an autoclave operated with a 50 bar 5% H2
in Ar atmosphere are shown. The autoclave used for test with simulated fuel materials in a glove box is shown on 
the right hand side in figure 2 
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Fig. 2. left: concentration of some of the major fuel constituents in the leachate of an irradiated UO2 (67 GWd/TU) fuel particle and right: 
autoclave operated at 50 bar 5% H2/Ar and used for  the leaching of simulated fuel materials in a glove-box 
The evolution of the uranium concentration shows a decrease of 2 orders of magnitude of the uranium 
concentration from 10-8 to 10-10 Moles/l in the first few days corresponding to the dissolution of the above 
mentioned oxide layer. In simulated materials the concentration of uranium in solution is close to 10-11 Moles/l, 
most probably due to the absence of the strong EJ radiation which is counteracting to a small degree the 
hydrogen effect in irradiated fuel. For the irradiated fuel, the uranium concentration remains stable after 1 year 
(up to 4 years (last measurement point) in this test). The curves for Pu, U and Fe show a high sensitivity of these 
redox sensitive elements to the intrusion of small amounts of oxygen, unavoidable at the replenishment of the 
autoclave which took place after about 80 and 360 days. It seems that Fe is following the Pu behaviour and that 
the U redox behavior is slightly different. The slight increase of Cs after 1 year could be explained by slight 
dissolution-reprecipitation phenomena in the system. However, the overall conclusion of these tests is that the 
dissolution rate is reduced by 2 to 3 orders of magnitude in the presence of hydrogen in comparison to anoxic or 
oxic conditions, i.e. a strong positive argument in the assessment of spent fuel repositories.  
3. Partitioning and Transmutation 
A P&T scenario is only successful if both parts, transmutation and partitioning reach highest possible 
efficiency. Partitioning projects were carried out in the European framework research programs since several 
decades to develop the separation part using aqueous or dry routes. Different scenarios were addressed such as 
homogeneous and heterogeneous recycling, grouped actinide management but also selective separation of Am, 
demonstrated recently in the CPF of the ATALANTE laboratory. In contrast to the aqueous routes demonstrated 
in France at larger scale, the pyroprocesses, at least for minor actinides, have not yet reached the same degree of 
maturity. In ITU we have focussed our efforts on basic studies to complete the necessary data sets and on 
laboratory scale demonstration tests of the electrorefining process in a molten chloride LiCl/KCl eutectic at 
450°C using Al cathodes. The selectivity of this process is not as good as for the aqueous methods, however, the 
grouped actinide treatment could be demonstrated to be very efficient and a process scheme has been proposed as 
shown in figure 3. 
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Fig. 3:  process scheme for grouped actinide recovery from different types of irradiated fuel by electrorefining in a molten LiCl/KCl eutectics; 
An - actinides, FP - fission products, Al - aluminium
Fig. 4:  Evolution of the apparent standard potential vs the temperature; data obtained in this work (•) in comparison to reference data: [1] J.J. 
Roy et al., J. Electrochem. Soc., 143(8) (1996) 2487-2492.[2] European contract FIKW-CT-2000-00049 project FIS-1999-00199 "Pyrorep" 
Pyrometallurgical Processing Research Programme Final Scientific Report.  http://www3.sckcen.be/adopt/news/view.aspx [3] O. Shirai, J. 
App. Electrochem., 31 (2001) 1055-1060[4] S.P. Fusselman et al., J. Electrochem. Soc., 146(7) (1999) 2573-2580. 
The process scheme is very versatile in the sense that it is capable of treating a variety of fuels, such as 
metallic fuels where it was initially developed for, but also carbide- or nitride fuels can be processed. For the 
most common fuel type in use today the oxides, a head-end treatment based on electroreduction is necessary to 
convert the oxide into metal [6]. With an additional step also composite fuel such as CERCER or CERMET 
could be treated. In ITU the various process steps have been tested using different materials, which include fuel 
fabrication remnants, non irradiated commercial fuels but also irradiated fuels. It could be demonstrated that a 
grouped actinide recovery of all actinides contained in a metallic fuel with the composition U61Pu22Zr10Am2Ln5
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is possible and the product obtained contains < 2% of lanthanides. The separation from lanthanides is essential to 
minimize the recycling of these neutron poisons which would deteriorate the efficiency of the transmutation 
process. 
The difference in the electrodeposition potentials between the lanthanides and Am shows to be even smaller 
according to our values. Another problem is the decrease in potential with a decreasing mole fraction as the 
electrodeposition goes on. Therefore, we have selected Al to co-deposit all actinides, first because the potential 
difference between the lanthanides and Am is about 3x larger compared to a tungsten cathode and because Al is a 
reactive cathode, which forms alloys with actinides and thus inhibits their re-oxidation and re-dissolution [7]. 
4. Environmental impact 
If radioactive materials are being released to the environment as a cause of human activity, mostly in nuclear 
bomb tests in the '50s or '60s or accidents as the one of Fukushima, this happens very often in the form of 
particles. Those can travel over very long distances and depending on the intrinsic characteristics and 
environmental conditions, they can undergo more or less strong interactions with the environment sometimes 
over very long periods of time. To understand and assess the impact of released radioactivity on the biosphere, 
the behaviour of hot particles released under different scenarios and exhibiting different physical and chemical 
features have been studied [8].  
An example of particles that were isolated from soil collected at Runit Island on the Enewetak Atoll in the 
Republic of the Marshall Islands; a site of nuclear weapon tests conducted between 1946 and 1958 is shown in 
figure 5. The analysis was made at the ANKA beam line of synchrotron in Karlsruhe, Germany. 
Fig. 5:  The reconstructed distribution of major elements and areas of highest concentration of elements analysed by confocal µ-XRF 
spectrometry on several particles collected at the Runit Island on the Enewetak Atoll 
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The correlation of these data with J-spectrometry and µ-XRD data allows to obtain information on the origin 
and the evolution of these particles in the environment over time and to deduce from those conclusions on the 
mechanisms and pathways for the distribution of radioactivity of different origin in the environment. 
5. Conclusions 
The Fukushima accident has obviously a large impact on nuclear activities world-wide. The population mainly 
in Japan, of course, but also in Europe, where many nuclear facilities are in operation, is very much concerned 
about the safety of these installations, first of all the nuclear reactors but also the fuel cycle facilities. This is true 
even more for waste management, which was considered as a key issue to be handled with greatest care even 
before Fukushima. 
Therefore, it is essential to know exactly how radioactivity could be released in a long time from now,  from a 
spent fuel repository, at present already under implementation in several countries in Europe. We could show that 
the IRF, i.e. the fraction of volatile elements which have migrated out of the fuel under irradiation and are 
preferentially released to groundwater when it gets in contact with the fuel, is strongly affected by the irradiation 
history of the fuel. Higher linear power leads to more release and consequently higher IRF values. On the other 
hand we could demonstrate that the long-term fuel stability is increased by a factor 100-1000 due to the presence 
of hydrogen formed by canister steel corrosion in the repository. 
The reduction of the waste radiotoxicity using a P&T scheme is under investigation world-wide, also in Japan 
where the Fukushima accident just happened and even in Germany where the nuclear phase-out is decided. We 
contribute with separation solutions to propose the most efficient and safe options to recover long-lived 
radionuclides from used fuel. A method based on molten salt electrorefining allows recovering all actinides 
together with good separation from fission products (e.g. < 2% lanthanides in the product).   
At ITU we are also characterizing radioactive environmental particles to testify about all kind of nuclear 
activities in history including nuclear accidents as the one that happened in Fukushima in 2011. 
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